The relative frequency of four-image gravitational lens systems is an excellent tool for testing assumptions regarding the characteristic flattening of galaxy mass distributions. Using a sample of sixteen radio-loud gravitational lenses from the JVAS/CLASS survey and assuming the statistically negligible external shears predicted by the galaxy-galaxy correlation function, the hypothesis that the mass and light of elliptical galaxies follow the same axial ratio distribution is ruled out at about 97%, even in the presence of rather large core radii and a simple dynamical correction that increases the influence of flattened deflectors. We find that a typical projected axial ratio of 0.30 < f < 0.61 (95%) is favored by the lensing multiplicity data for small core models in this scenario. While observations suggest that external shear and compound deflectors influence gravitational lensing at a far greater level than is currently predicted, a subsample of lenses that appear to be free of these effects still shows a statistically significant over-representation of four-image systems, favoring a projected axial ratio of 0.24 < f < 0.64 (95%) for small cores. These findings argue that external shear alone is unlikely to account for the large number of quads, and that galaxy halos are playing an important role.
Introduction
Determining the mass distribution in galaxies is a key goal of contemporary astrophysics. Spiral galaxies are common targets for such studies, as rotation curves lead to direct constraints on the slope of the radial mass profile. Investigations of this type show that the mass in spirals falls off much more slowly than the luminosity, thereby providing some of the most compelling evidence for the presence of dark matter on galactic mass scales (e.g. Rubin, Thonnard and Ford 1980) . Elliptical galaxies present a greater challenge for observers due to the absence of stellar rotation curves. However, gravitational lensing is an excellent tool for studying the structure of ellipticals, which preferentially act as lenses due to their large velocity dispersions (Fukugita and Turner 1991) . Highly-constrained lenses, such as quads (Koopmans and Fassnacht 1999) , rings (Kochanek 1995) or systems exhibiting correlated substructure in lensed radio components (Grogin and Narayan 1996) , provide strong evidence that the lensing mass profile is close to isothermal, i.e., the mass density falls as r −2 . At the same time, constant mass-to-light ratio models offer rather poor fits to the lensing data (eg. Kochanek 1995; Romanowsky and Kochanek 1999) and have been shown to be inconsistent with the observed distribution of image separations (Maoz and Rix 1993) . These findings argue that the lensing mass in elliptical galaxies is dominated by dark matter.
The three-dimensional structure of dark matter halos is likewise of great interest. Here the question of whether "mass traces light" also applies -namely, are the ellipticities of galaxy mass distributions well represented by that of the luminous matter? This is obviously not the case for spiral galaxies, and there is little theoretical reason to believe that this should be true for the population of ellipticals and S0s either. N-body simulations offer some clues regarding the expected shape of dark halos, though the results are strongly dependent on the assumed properties of the dark matter. Dissipationless models in which hot dark matter is dominant tend to produce very round halos (f ∼ 0.8; e.g. Peebles 1993 ). Simulations involving cold dark matter lead to halos with significant triaxiality (Warren et al. 1992; Dubinski 1992) , though the addition of gas dynamics has been shown to produce rather flattened and oblate halos (f ∼ 0.5; Dubinski 1994) . However, more recent simulations suggest that halos may be much rounder for this case (Cole and Lacey 1996; Gottbrath and Steinmetz, in preparation) . Halos composed of purely baryonic matter would be extremely dissipative and quite flat (f ∼ 0.1; Pfenniger et al. 1994) . Determining the structure of galaxy halos may therefore offer vital insight regarding the properties of dark matter.
Various observational techniques have been employed to directly measure the flattening of dark matter halos. Investigations of polar-ring galaxies (Sackett et al. 1994; Combes and Arnaboldi 1995) and the X-ray halos of ellipticals Canizares 1994, 1996) , for example, suggest a dark matter axial ratio of 0.3 < f < 0.6. While the observational data is limited, these studies provide very tentative evidence that halos may be flatter that the light distributions of elliptical galaxies, which peak at f ∼ 0.75 (e.g. Jorgensen and Franx 1994) . It is certainly desirable to obtain tighter constraints on the typical flattening of dark matter halos using a wide variety of observational methods.
The distribution of image multiplicities in a well-defined sample of lenses can provide useful constraints on the projected flattening of the galaxy population. Flatter surface mass distributions produce a larger number of four/five-image lens systems that rounder ones, for which two/threeimage configurations dominate (Blandford and Kochanek 1987; Kormann, Bartelmann and Schneider 1994) . The observed number of doubles and quads therefore provides a statistical probe of galaxy structure. A number of authors (King and Browne 1996; Kochanek 1996b) have pointed out that the fraction of four-image lens systems found in radio lens surveys appears to be surprisingly high relative to what would be expected if mass ellipticities are similar to those of the light. Keeton, Kochanek and Seljak (1997; hereafter KKS) showed that the image multiplicities and mass models for a small sample of radio and optical lenses were statistically consistent with an ellipticity distribution derived from the surface brightness axial ratios of elliptical and S0 galaxies in the Coma cluster. Over the last several years, however, a large number of new gravitational lens systems have been discovered as part of the Cosmic Lens All-Sky Survey (CLASS; Browne et al. 1999; Myers et al. in preparation) . The fraction of quads is quite high in the expanded sample, again suggesting the possibility of an "ellipticity crisis."
Here we re-examine the issue of image multiplicity using the largest homogeneously selected sample of radio-loud gravitational lens systems. To explore a wide range of parameters that may impact upon the observed quad-to-double ratio, we include core radii, selection effects and a very simple dynamical correction that boosts the influence of the flat end of the halo distribution. For simplicity we focus on the isothermal mass profile, which is favored by many observational tests, including gravitational lensing. While the typical external shear experienced by lensing galaxies is predicted to be small (KKS), a significant fraction of lens systems in our sample are known to be influenced by compound deflectors or nearby shear contributors. We therefore define and analyze a subsample of lenses that appear to be dominated by isolated elliptical galaxies and free of strong external shear effects. Unlike KKS we do not consider any results from the mass modeling of individual lens systems. This is because several lenses in our sample do not have any published models, and several others are less than robust due to particularly complex deflectors. We therefore limit ourselves to a statistical analysis of the observed multiplicity distribution.
Section 2 gives a discussion of the lens sample and our assumptions regarding the luminosity function of flat-spectrum radio sources. In section 3 we outline our mass models and computational techniques. Section 4 investigates whether a halo population modeled by the luminosity distribution of elliptical galaxies can account for the observed number of radio quads. In Section 5 we derive a range of typical halo flattenings that is consistent with our data. Section 6 considers the effect of a hypothetical break in the faint radio luminosity function on our findings. Section 7 briefly summarizes our results and discusses alternate explanations of the high quad fraction in the data, as well as implications for galaxy structure and cosmological studies using the lensing optical depth.
The radio lens sample and source population
Lensing statistics calculations require a homogeneous sample with known selection criteria and a sufficiently well-understood parent source population. The largest uniformly selected sample of gravitational lens systems belongs to the combined Jodrell-VLA Astrometric Survey (JVAS; Patnaik et al. 1992a; Browne et al. 1998; Wilkinson et al. 1998; King et al. 1999) and Cosmic Lens All-Sky Survey (CLASS; Browne et al. 1999; Myers et al. in preparation) . Using the Very Large Array (VLA), these surveys have imaged ∼ 15000 flat-spectrum radio sources down to a 5 GHz flux density of 30 mJy, with the aim of discovering new gravitational lens systems for a variety of cosmological and astrophysical studies. At least 18 new lenses have been discovered, and the final set of follow-up observations is nearing completion. The current list of JVAS/CLASS lenses is given in Table 1 . This includes eight quads, seven doubles, one ten-image system (B1933+503; Sykes et al. 1998) , and two systems with extended radio structure and/or ambiguous multiplicities: B1938+666 B2114+022 (Augusto et al. in preparation) . Because the flatspectrum core of B1933+503 is quadruply-imaged, we count it as an additional quad. The primary lens sample for this analysis (Sample A) therefore consists of nine quads and seven doubles.
External shear strongly influences the lensing potentials of three lens systems: B1422+231 (Hogg and Blandford 1994) , B2045+265 ) and B2319+051 (Marlow et al. in preparation) . Three other systems appear to be lensed by compound deflectors: B1127+385 , B1359+154 (Rusin et al. 2000) , and B1608+656 (Koopmans and Fassnacht 1999) . In addition, two systems are lensed by spirals rather than ellipticals: B0218+357 (Biggs et al. 1999 ) and B1600+434 . These should also be excluded if we wish to focus on the properties elliptical galaxies, as the halos of spirals and ellipticals may not be identical due to their different formation histories. Therefore we define a "clean subsample" of eight systems that appear to be lensed by rather isolated elliptical galaxies. 1 This is referred to as Sample B.
Both the lensing optical depth and multiplicity distribution depend not only on the properties of lens galaxies, but also on the luminosity function of the parent source population (Turner, Ostriker and Gott 1984; Kochanek 1996b) . Because lensed sources are always magnified, they are transferred to higher flux bins. One immediate consequence of this is that some sources are included in a flux-limited sample only because they are lensed. This magnification bias can significantly increase the probability of observing a gravitational lens system, beyond the intrinsic optical depth. Source populations with steeper number-flux relationships and deflector models with larger magnifications yield higher observed lensing rates.
Bias alters the probability of observing a lens in any given flux bin by the factor (Turner, Ostriker and Gott 1984; Maoz and Rix 1993) 
where φ(S, z) is the source luminosity function and P (µ) is the distribution of total magnifications (µ = i µ i , where the magnification of the ith image is µ i ) produced by a deflector for a certain class of imaging. Note that for a source population following a power-law luminosity function φ(S, z) ∝ S −β , the bias factor reduces to B =< µ β−1 >, independent of flux density. The steepness of the number-flux relation is particularly important to a discussion of image multiplicities. Because four-image lens systems are, on average, more magnified than doubles, bias significantly enhances the fraction of quads in a given sample relative to the ratio of areas within the four and two-image caustic regions of a given deflector model. Due to magnification bias, lensing probabilities depend on the luminosity function of a parent source population that extends well below the nominal flux cutoff of a lens survey. The parent population of the lensed sources in JVAS, which investigated flat-spectrum targets with S 5 > 200 mJy, is equivalent to the fainter (30 mJy < S 5 < 200 mJy) flat-spectrum sample surveyed by CLASS. The CLASS sources are well described by a power-law number-flux relation with β ∼ 2.1. Note that this is steeper than the Dunlop and Peacock (1990) luminosity function used by KKS, and will therefore naturally produce a larger fraction of quads. Due to the small number of CLASS sources with measured redshifts (Marlow et al. 2000a) , there is little evidence for or against any redshift dependence of this relation. We will thus follow Helbig et al. 1999 and assume that the CLASS luminosity function is independent of source redshift.
A complete statistical analysis of CLASS requires an understanding of the flat-spectrum source population in the 3 − 30 mJy range. Because very little is known about such faint radio sources, the direct measurement of the flat-spectrum radio luminosity function down to a few mJy is one of the key projects currently being undertaken by the CLASS/CERES team (McKean et al. in preparation) . For this paper, however, we will make the simplest possible assumption -that the slope of the number-flux relation remains unchanged as we move to fainter flux density levels. Is such an assumption compatible with our observations?
A simple quantitative check involves comparing the respective lensing rates of JVAS and CLASS. Because the surveys are lensed by the same galaxy population -and obviously probe the same cosmology! -the relative lensing rates depend only on the redshift distribution of the samples, and the number-flux relations of the parent source populations. The redshift distribution of flat-spectrum sources in the 25 − 50 mJy range has been investigated (Marlow et al. 2000a ) and appears quite similar to that of much brighter sources. In fact, the mean redshift of flat-spectrum radio sources experiences remarkably little evolution over more than two orders of magnitude in radio flux density (Falco, Kochanek and Munoz 1998; Marlow et al. 2000a) . Differences in the observed lensing rates can therefore be attributed to differences in the respective number-flux relations. The JVAS statistical sample contains 4 lenses out of ∼ 2300 sources , giving a lensing rate of ∼ 1/600. Preliminary results suggest that the lensing rate in the JVAS/CLASS statistical sample is compatible with that of the JVAS sample alone (P. Helbig, private communication). We therefore believe that an assumption that the number-flux relation remains unchanged at low flux density levels is a reasonable and conservative one. For completeness, however, we will investigate the effects of a possible break in the luminosity function in Section 6.
Mass model and calculations
No lensing statistics calculation can be performed without at least some (hopefully small) number of assumptions. Fortunately, the distribution of image multiplicities produced by a deflector population does not depend strongly on many of the factors that modulate the total lensing optical depth, such as the number density of galaxies, the cosmology, or the source redshifts. Here we summarize the assumptions, mass models and computational techniques employed in this analysis.
The first assumption concerns the typical external shears experienced by galaxies. Using a shear model based on the galaxy-galaxy correlation function, which should be a good approximation if most lens galaxies are not embedded in groups or clusters (this is compatible with observations), KKS argue that galaxies typically experience small external shears (γ ∼ 0.03), with only a small fraction of lenses (∼ 5%) expected to have external shear perturbations γ > 0.10. In this regime the most important source of shear is internal, due to the ellipticity of the primary lensing galaxy itself. Furthermore, KKS claim that the influence of external shear on lensing cross-sections would be comparable to that of ellipticity only if the external shears were about an order of magnitude larger than what is expected from their simple model.
Optical observations and mass modeling of gravitational lens systems, however, suggest that the effect of companion galaxies may be much higher than predicted by the correlation function model. Four lenses in our sample of sixteen (B1422+231, B1600+434, B2045+265 and B2319+051) require significant external shear contributions to provide reasonable fits to the data. Three others appear to be lensed by compound, interacting galaxies (B1127+365, B1359+154 and B1608+656). While the fraction of quads among these seven systems is quite similar to that of the sample of sixteen, suggesting that shear may not be greatly affecting the multiplicity statistics, we nonetheless must warn that Sample A tests the combined assumption that 1) mass-traces-light and 2) external shears are small. Sample B removes this complication by focusing on systems that appear to be lensed by isolated elliptical galaxies.
Virtually all evidence from gravitational lensing, and in particular from the modeling of highly constrained lens systems (Kochanek 1995; Grogin and Narayan 1996; Koopmans and Fassnacht 1999) , suggests that the lensing mass distribution of galaxies is close to isothermal. In addition, the absence of faint additional images in deep radio maps of gravitational lens systems argues that the core radii must be quite small (Kochanek 1996a; Norbury et al., in preparation) . Presently all lensing data is consistent with a singular mass model. However, because even small cores can have some effect on lensing statistics, we will allow for the existence of non-zero core radii in our calculations. We therefore approximate the lensing mass distribution in galaxies as a non-singular isothermal ellipsoid (NIE; Kormann, Bartelmann and Schneider 1994) , with a scaled surface mass density
where f is the axial ratio, θ c = r c /D d is the angular core radius, and
is the angular Einstein radius for a galaxy with dark matter velocity dispersion σ v and angular size distances D d , D s and D ds to the lens, to the source, and from the lens to the source, respectively.
The qualitative lensing properties of mass distributions with both cores and ellipticity are quite well known (Blandford and Kochanek 1987; Kassiola and Kovner 1993; Wallington and Narayan 1993; Kormann, Schneider and Bartelmann 1994) , and we merely summarize them here for convenience. Fig. 1 concisely illustrates the effect of cores and ellipticity on gravitational lensing. Deflectors with small ellipticities preferentially produce two/three image lens systems, but the fraction of quads increases rapidly as the mass distribution becomes more elliptical. The flattest deflectors are dominated by naked-cusp geometries, in which three bright images are formed on the same side of the lens with no counter-images. In this regime the number of quads is diluted, as some sources within the tangential (diamond) caustic are now lensed into cusp configurations. The primary effect of a core radius is to shrink the size of the radial caustic, which modulates the production of doubles. For round deflectors, the core will tend to decrease the number of two/three-image systems while leaving the number of four/five-image systems unmodified. At the flat end, the smaller radial caustic attributed to the core implies that naked cusp configurations become prominent at larger axial ratios. Kochanek (1996a) suggested that the core radius should scale with the dark matter velocity dispersion as r c = r c * (σ v /σ v * ) 2+δ , where δ = 2.8. A value of r c * ∼ 10 h −1 pc is consistent with various dynamical models, and has been assumed for a number of recent lensing statistics analyses (e.g. Helbig et al. 1999) . Cores of this size have little influence on lensing statistics, relative to the singular case. However, to study the effect that cores can have on our results, we will consider cases with r c * = 0, 25 and 50 h −1 pc in our calculations. Characteristic core radii larger than r c * ∼ 50 h −1 pc are virtually excluded by constraints derived from the absence of third images in radio-loud lens systems (Norbury et al., in preparation). However, the presence of central black holes in lensing galaxies may complicate this issue (Mao, Witt and Koopmans 2000) .
The distribution of image multiplicities produced by a population of singular isothermal ellipsoids (r c * = 0) is a function only of the axial ratios of the deflectors and the luminosity function of the source population. For deflectors with a finite core, the situation is more complicated, as the lensing properties (cross-sections and magnifications) of a particular mass distribution are a function of θ c /θ E , which has cosmological and redshift dependences. We must therefore be more careful when quoting an expected multiplicity distribution for non-singular deflectors.
The first task is to tabulate the lensing properties of the NIE as a function of f and θ c /θ E . This is accomplished via Monte Carlo over a grid spanning 0.1 ≤ f ≤ 1.0 and 0 ≤ θ c /θ E ≤ 0.1. (Tests show that for a reasonable galaxy population, deflectors with θ c /θ E > 0.1 contribute negligibly to the lensing optical depth.) For each grid point, source positions are placed randomly behind the mass distribution and the lens equation is numerically inverted using a modified downhill simplex optimization routine (Press et al. 1992 ) to solve for all image positions and magnifications. Our code makes use of the analytic deflection angles and shear vectors available for isothermal mass distributions (Kormann, Bartelmann and Schneider 1994) . The cross-sections (σ cr ), magnification biases and typical image separations are then computed from this data for each class of imaging. During this process all lens systems with a magnification ratio between the brightest two images of greater than 15:1 are rejected, in accordance with the flux ratio selection function appropriate for radio lens searches using the VLA. In all, our simulations required ∼ 10 7 numerical inversions of the lens equation.
The probabilities of observing different image multiplicities from a given deflector model are then determined from a full calculation of the lensing optical depth. We assume that the galaxy population is described by a Schechter (1976) luminosity function
and a Faber-Jackson relation L/L * = (σ v /σ v * ) γ for ellipticals. Following Kochanek (1996a) we take σ v * = 225 km/s, α = −1.1 and γ = 4.0. The normalization of the Schechter function is irrelevant to our calculations. Assuming a constant comoving number density of deflectors, we then integrate over the galaxy distribution to find the differential optical depth for the kth class of imaging (k = doubles, quads, naked cusps):
and S k (∆θ) is an angular separation selection function that is equal to 1 if the average image separation produced by the model (for the given redshifts and cosmology) is greater than the resolution limit of VLA survey observations (∼ 300 mas), and zero otherwise. The total optical depth is then found by simply integrating over lens redshifts. The ratios of the respective optical depths give us the distribution of image multiplicities. While this distribution has some dependence on cosmology and redshifts, it is a very weak effect (< 5%). We therefore assume a standard source redshift of z s = 2 and a flat Ω Λ = 0.7 cosmology for all calculations.
For deflectors normalized to the same dark matter velocity dispersion σ v , the relative lensing probabilities for doubles (τ D ), quads (τ Q ), and naked-cusp configurations (τ C ) are shown in Fig. 2 as a function of axial ratio f , for r c = 0, 25 and 50 h −1 pc. The distribution of imaging classes described by the plot serve as the input for our investigation of the ellipticities of galaxies probed by gravitational lensing.
Mass ellipticities and light ellipticities
The first issue we address is whether or not the image multiplicities in JVAS/CLASS are compatible with the hypothesis that the mass and light in elliptical galaxies are described by the same distribution of projected axial ratios, given the assumptions we have made. We follow the framework of KKS, in which the elliptical and S0 galaxies of the Coma cluster (Jorgensen and Franx 1994) are chosen as a representative distribution of surface brightness ellipticities. They found that the combined E/S0 population of Coma is well modeled by a gaussian ellipticity distribution with ǫ o = 0.26 and ∆ǫ o = 0.33, where ǫ = (1 − f 2 )/(1 + f 2 ).
Assuming that the dark matter velocity dispersions of the deflectors are independent of ellipticity, we integrate over the Coma model to find the expected lensing optical depth for each class of imaging:
where n(f ) is the normalized distribution of axial ratios derived from the Coma ellipticities. The fraction of lens systems of a given class is then simply p k (r c * ) = τ k (r c * )/ τ j (r c * ). Since very flattened galaxies do not contribute significantly to the statistics of the Coma model, the probability of producing cusp-imaged triples is negligible. Therefore, the relative probability that a sample of N radio lenses includes N Q four-image systems is governed by binomial statistics:
Integrating over the ellipticity model we find the values of p Q to be 0.245, 0.251 and 0.263, respectively, for the three characteristic core radii.
The probabilities for producing a set of N lenses with fewer than N Q quads are plotted in Fig.  3 for Samples A and B. The probability of Sample A containing N Q ≥ 9 quads is 0.006, 0.008 and 0.011 for r c = 0, 25 and 50 h −1 pc, respectively. The probability of Sample B containing N Q ≥ 5 quads is 0.025, 0.028 and 0.033 for the same core radii. The Coma ellipticity model is therefore excluded at ∼ 99% confidence using Sample A, and ∼ 97% confidence using Sample B.
The above calculations were performed under the assumption that the dark matter velocity dispersion (σ v ) of the deflectors is independent of ellipticity. However, KKS argue that lensing calculations should be normalized so that different mass axial ratios produce the same line-of-sight stellar velocity dispersion < v 2 LOS > 1/2 . To this end KKS introduce a correction factor η(f ), so that κ corr (θ 1 , θ 2 ) = η(f )κ(θ 1 , θ 2 ). A functional form for η(f ) was derived by KKS using a simple model for stellar dynamics in an ellipsoidal dark matter halo. For a fixed σ v , it was demonstrated that < v 2 LOS > 1/2 is reduced at all ellipticities and all galaxy inclinations. Therefore a constant line-of-sight velocity dispersion requires an increased σ v for flatter mass distributions. Since the lensing cross-section will scale as η(f ) 2 , the dynamical correction effectively increases the influence of the flat end of a given galaxy population. As such deflectors produce a higher frequency of four-image lens systems, an η(f ) = 1 assumption would underestimate the number of quads that could be produced by an ellipticity distribution. Can the Coma model be made compatible with the JVAS/CLASS image multiplicity data by including a dynamical correction of this type? Because the KKS normalization factor is a function of both the true and projected axial ratios of the galaxy mass distribution, a full analysis requires rather complex deprojection statistics. However, to get a feel for the magnitude of this correction, we make the simplifying assumption that all galaxies are viewed edge-on, so that the projected axial ratio is equal to the true axial ratio of the oblate spheroid. One can see from Fig. 1 of KKS that this is a decent approximation for a wide range of scenarios, except for a limited regime in which very flattened deflectors are viewed nearly pole-on. The normalization factor for edge-on mass distributions reduces to a very simple form
where a 2 = (1 − f 2 )/f 2 (KKS). This function is plotted in Fig. 4 .
We reanalyze the Coma model, this time weighting each axial ratio bin by η(f ) 2 :
The results are plotted in Fig. 5 . As predicted, the expected fraction of quads increases, with p Q = 0.277, 0.283 and 0.295 for r c * = 0, 25 and 50 h −1 pc, respectively. The probability of Sample A containing N Q ≥ 9 quads is 0.015, 0.017 and 0.023 for the three core radii. The probability of Sample B containing N Q ≥ 5 quads is 0.041, 0.045 and 0.054 for the same cores. The Coma ellipticity model, with the dynamical correction, is therefore excluded at ∼ 97% confidence using Sample A, and ∼ 95% confidence using Sample B.
Our assumed model, which is built on the observed ellipticity distribution of galaxies in the Coma cluster, is convincingly ruled out by the lensing multiplicity data. While removing systems with strong external shear contributors, compound deflectors and spiral lens galaxies weakens our exclusion of the Coma model slightly, it is due to smaller number statistics rather than any significant change in the distribution of image multiplicities. One interpretation of this result is that the typical projected axial ratio of galaxy mass distributions is flatter than the surface brightness of ellipticals, which would suggest a significantly flattened population of dark matter halos. Another possible interpretation is that some physical mechanism makes galaxy halos in clusters such as Coma systematically rounder than their counterparts in the field, or that intermediate redshift ellipticals are much flatter than those nearby.
Constraints on the typical flattening
In this section we determine the typical projected axial ratio needed to reproduce the observed image multiplicity distribution of radio lens systems. Though our assumption that all galaxies are described by some representative axial ratio is certainly an over-simplification, it will nonetheless provide some useful information regarding the favored properties of dark matter halos. From Fig.  2 it is clear that the lensing data will bound the range of preferred axial ratios on both ends. Large axial ratios will be excluded because they cannot produce a sufficient number of quads. Small axial ratios will be excluded because they are dominated by naked cusp configurations, which are not observed in our sample (or anywhere).
To analyze the probability of a given projected axial ratio producing a sample of N lenses with N Q quads, N D doubles and zero naked cusps, we employ the trinomial distribution. Therefore, if the fraction of doubles produced is p D (f, r c * ) while that of quads is p Q (f, r c * ), the relative likelihood of the model is
for the observed case where naked cusp systems are absent.
We evaluate this function using our two lens samples and, as before, three different values for the characteristic core radius. The results are plotted in Fig. 6 , normalized to the peak likelihood of unity. Sample A favors 0.30 < f < 0.61 for the singular mass model and 0.39 < f < 0.66 for the somewhat large characteristic core radius of 50 h −1 pc. Sample B favors 0.24 < f < 0.64 and 0.33 < f < 0.69 for the same core models, respectively. All limits are 95% confidence. Note that there is very little difference in the range of preferred projected axial ratios between the two samples. The range is wider for Sample B simply because of the smaller number of included lenses.
The faint flat-spectrum radio luminosity function revisited
All calculations presented in this paper have assumed that the flat-spectrum radio luminosity function in the 3 − 30 mJy range is identical to that of the 30 − 200 mJy range probed by CLASS. The observed lensing rates in JVAS and CLASS appear to be consistent with this hypothesis. Here we briefly evaluate our assumption in greater detail, exploring possible effects of a broken faint-end luminosity function.
A break would have a maximal impact on the statistics of CLASS if it occurs right at the flux cutoff of the survey. We therefore investigate a broken power-law number-flux relation of the form
where S o = 30 mJy, the limiting CLASS 5 GHz flux density. A consequence of any luminosity function more complicated than a single power-law is that the magnification bias is no longer independent of source flux density. We therefore consider representative cases of S = 50 mJy and 100 mJy for our calculations. The power-law describing the distribution of 30 − 200 mJy radio sources (β) is fixed while the faint-end index (β f ) is allowed to vary.
We revert back to the Coma ellipticity model for the projected mass distributions to determine whether a broken luminosity function can save the mass-traces-light hypothesis. For simplicity we consider only singular deflectors and η(f ) = 1. The predicted fraction of quads (p Q ) is plotted against β f in Fig. 7a . As expected, steeper faint-end power-laws produce a larger number of quads than shallower ones, due to the increased magnification bias. The total lensing optical depth, relative to the unbroken case of β f = 2.1, is shown in Fig. 7b . Steeper faint-end power-laws lead to a significantly increased lensing rate.
A quad fraction of p Q ∼ 1/3 is necessary to bring the observed multiplicity distribution just inside the 2σ confidence limit of the Coma ellipticities. This would require a faint-end slope of β f ∼ 2.4. However, the same slope would raise the lensing rate by 25 − 50% in CLASS relative to the JVAS sample. To bring the quad fraction up to p Q ∼ 0.5, which would optimally reproduce the approximately equal numbers of observed quads and doubles, we require β f ∼ 2.7 for our typical 50 − 100 mJy sources. This would lead to a CLASS lensing rate that is more than twice that of JVAS.
The Coma ellipticities can be made compatible with the multiplicity distribution of lenses if the flat-spectrum luminosity function grows significantly steeper in the 3 − 30 mJy flux density range. However, this would produce a much larger relative lensing rate in CLASS than is observed. We therefore conclude that modifications of the radio number-flux relation are unlikely to account for the high number of quads in our sample, while at the same time retaining consistency with the observed lensing rate. However, it is still very important to measure the faint-end luminosity function directly, for the purposes of both studying halo flattening and obtaining robust constraints on the cosmological density parameters through a full analysis of the CLASS survey statistics.
Discussion
Assuming a population of elliptical isothermal deflectors, we have shown that mass distributions described by the surface brightnesses of elliptical and S0 galaxies in the Coma cluster cannot reproduce the relative numbers of four and two-image lens systems discovered in the JVAS and CLASS radio surveys. A subsample of lenses that appears to be dominated by rather isolated elliptical galaxies produces results similar to that of the entire JVAS/CLASS sample. It is unlikely that altering the yet-unmeasured faint radio luminosity function can save the mass-traceslight hypothesis in a self-consistent way. However, a reanalysis of the image multiplicity problem may be worthwhile once the full radio luminosity function has been measured and the sample of JVAS/CLASS lenses is complete.
What is the source of the high radio quad-to-double ratio? One potential explanation is that galactic dark matter is significantly flatter than the light distributions characteristic of ellipticals. For models with small cores, lensing favors a typical projected mass axial ratio of 0.30 < f < 0.61 at 95% confidence. This may provide tentative support for preliminary claims of flattened dark matter halos from studies of X-ray bright ellipticals and polar-ring galaxies. However, it is interesting to note that new simulations within the popular cold dark matter paradigm (e.g., Cole and Lacey 1996; Gottbrath and Steinmetz, in preparation) argue that halos may be significantly rounder than previously suggested (Dubinski 1994) .
Detailed modeling of lens systems can provide powerful constraints on the mass distributions of individual lensing galaxies, and offers a complementary method for determining the projected axial ratios of galaxy mass distributions. Robust models for a number of gravitational lenses appear in the literature and tend to exhibit axial ratios centered at f ∼ 0.6 (e.g. KKS; Marlow et al. 1999; Marlow et al. 2000b) . This is flatter than the peak of the Coma ellipticity model, but is still rounder than the typical axial ratios that preferentially reproduce the observed quad-to-double ratio. Improved modeling of all gravitational lenses in the CLASS sample is certain to provide important additional information regarding the population of projected mass axial ratios, and determine whether the model-derived results are compatible with the statistical findings presented in this paper.
What role does external shear play in the observed quad-to-double ratio? Following the arguments of KKS, we made the initial hypothesis that lensing galaxies can be expected to experience statistically negligible shears from nearby neighbors, so that the imaging properties will be dominated by the internal shear (ellipticity) of the primary lensing galaxy. The combined Coma ellipticity / small shear model is convincingly ruled out (∼ 97%) by the multiplicity distribution of Sample A, suggesting a problem with at least one of the assumptions. At first glance, the observational evidence for companion galaxies and compound deflectors in a large fraction of JVAS/CLASS lens systems could suggest that external shears may be to blame for the high frequency of quads. After all, it certainly appears that nearby galaxies play a much larger role in lensing than predicted by the galaxy-galaxy correlation function, a finding that is quite interesting in its own right and requires further investigation. In addition, the multiplicity of a few individual lens systems is very likely to be a consequence of shear (note the aligned internal and external shear axes of B1422+231; Hogg and Blandford 1994) . However, the fraction of quads in our "clean" subsample (B) is similar to that of our "dirty" primary sample (A). Additional optical/infrared studies of the newest CLASS lenses will, of course, be useful in determining just how "clean" Sample B really is. The multiplicity distribution of Sample B is inconsistent with the Coma model at the ∼ 95% level, arguing that the primary lensing galaxies themselves are contributing significantly to the quad fraction. It is therefore not impossible that the observed properties of gravitational lens systems indicate complementary "shear" and "ellipticity" crises.
The apparent inconsistency of the Coma model may also be the result of flawed supporting assumptions, such as the choice of isothermal mass profiles for our deflector population. While this hypothesis is consistent with all lensing data, a range of near-isothermal profile slopes is also compatible with the models of highly-constrained lens systems (Kochanek 1995; Grogin and Narayan 1996; Koopmans and Fassnacht 1999) . The lensing properties of deflectors with generalized powerlaw mass profiles are well known (e.g. Blandford and Kochanek 1987) . Decreasing the slope of the inner mass profile from isothermal significantly shrinks the radial caustic, which leads to the production of fewer two-image lens systems. Therefore, shallower mass profiles may naturally produce a higher quad-to-double ratio for a given distribution of ellipticities, relative to the isothermal case. However, shallower mass profiles are no panacea, since they would create a significant fraction of detectable three-image lens systems, just as large cores do for isothermal mass distributions (Norbury et al. in preparation) . Based on the absence of observable faint images in the deepest maps of radio-loud gravitational lens systems, the typical inner mass profile of lensing galaxies is required to be p ≥ 0.84 for Σ ∝ r −p at 95% confidence (Rusin and Ma, in preparation) . Whether profiles in the narrow range 0.84 < p < 1.0 can produce a sufficiently enhanced fraction of four-image systems to erase current inconsistencies will require additional study.
Perhaps the most disturbing of all possibilities is that a large number of two-image lens systems has remained unidentified in the JVAS/CLASS surveys. If this were the case, cosmological constraints derived from statistical analyses of radio lens surveys would be seriously and systematically affected. Could there exist some observational bias that favors the discovery of four-image systems over two-image systems? It is certainly true that a large fraction of quads can be identified from the JVAS/CLASS VLA survey maps alone, while virtually every two-image lens candidate requires an intense program of radio follow-ups to prove or disprove the lensing hypothesis (Myers et al. in preparation) . However, the selection of two-image candidates is very conservative, ensuring that even extremely unpromising sources are passed through at least one level of the high-resolution radio filter. Furthermore, deep radio imaging with the Multi-Element Radio-Linked Interferometer Network (MERLIN) and Very Long Baseline Array (VLBA) have proven themselves to be excellent tools for both confirming lens candidates through the detection of correlated milliarcsecond substructure in the radio components (e.g. Patnaik et al. 1995; Marlow et al. 2000b) , and in most cases disproving the lensing hypothesis by the observation of obvious core-jet morphologies. Any remaining ambiguous candidates are then observed optically in the attempt to detect a possible lensing galaxy. Therefore, while the confirmation of two-image lens candidates can be quite demanding, we have little reason to believe that the observational pipeline of CLASS is less than robust. In a particularly interesting turn of events, a reanalysis of the entire data set recently revealed a problem with the automatic candidate selection code that had actually been biasing against the identification of small four-image lens systems, due to the blending of components in the VLA survey maps (Phillips et al. 2000) . A set of candidates selected with the upgraded code has resulted in the discovery of one additional CLASS lens -the quad B0128+437 (Phillips et al. 2000) . We therefore believe that it is unlikely that selection effects can account for the large radio quad-to-double ratio.
Yet another possible explanation of the above discrepancies is that the properties of E/S0 galaxies in the nearby Coma cluster are completely unrepresentative of those in the field at intermediate redshift. An issue worthy of future study is whether some physical mechanism causes systematic differences in halo ellipticities between cluster and field populations. For instance, it is not inconceivable that higher rates of isotropizing mergers in clusters may give rise to a densityellipticity relation with the same sign as the effect found in our analysis. However, Ciotti and Dutta (1994) have shown that tidal torques tend to have the opposite effect, making cluster ellipticals flatter. The possible evolution of halo ellipticity with redshift would also be an interesting scenario to investigate.
Observed lensing rates can place potentially strong limits on the cosmological density parameters, particularly the cosmological constant (e.g. Turner 1990; Kochanek 1996a; Falco, Kochanek and Munoz 1998; Helbig et al. 1999 ), but require a robust model of the lensing optical depth. Virtually every lensing statistics analysis to date has employed spherical isothermal mass distribu-tions. How will predicted optical depths be affected by ellipticity? It is important to recognize that the distribution of image multiplicities contains virtually no cosmological signal, so only the total lensing rate is of interest. As seen in Fig. 2 , deflectors with a fixed dark matter velocity dispersion produce a smaller total optical depth as the axial ratio is decreased from spherical. This is due to a pair of effects -decreasing total area within the caustics, and decreasing magnifications for two/three-image systems. For f ∼ 0.5, the total lensing rate is diminished by ∼ 20% relative to the spherical case. However, as noted by KKS, it may be appropriate to normalize the deflectors so that a constant line-of-sight stellar velocity dispersion is achieved. From Fig. 4 , η 2 ∼ 1.8 for f = 0.5. Therefore, the predicted lensing rate would increase by ∼ 40% in this scenario, relative to f = 1. These values suggest that ellipticity can play a significant role in modifying the total lensing optical depth -and almost certainly a far greater role than small cores. Clearly more investigation is required to fully determine the effect of halo flattening on lensing statistics, and settle on a reasonable model for normalizing the mass distributions. 
